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2+
-activated K + channel plays key roles in diverse body functions influenced by estrogen including smooth muscle and neural activities. In mouse (m), estrogen upregulates the transcript levels of its pore-forming α-subunit (Slo, KCNMA1); yet, the underlying genomic mechanism(s) is(are) unknown. We first mapped the promoters and regulatory motifs within mSlo 5'-flanking sequence to subsequently identify genomic regions and mechanisms required for estrogen regulation. mSlo gene has at least two TATA-less promoters with distinct potencies that may direct mSlo transcription from multiple transcription start sites. These qualities mark mSlo as a prototype gene with promoter plasticity capable of generating multiple mRNAs and potential to adapt to organismal needs. mSlo promoters contain multiple estrogen-responsive sequences, e.g. two quasi-perfect estrogen-responsive elements, ERE1 and ERE2, and Sp1 sites. Accordingly, mSlo promoter activity was highly enhanced by estrogen and blocked by estrogen antagonist ICI 182,780. When promoters are embedded in a 4.91 Kb backbone, estrogen responsiveness involves a classical genomic mechanism -via ERE1 and ERE2-that may be complemented by Sp-factors, particularly Sp1. Simultaneous but not individual ERE1 and ERE2 mutations caused significant loss of estrogen action. ERE2, which is closer to the proximal promoter, upregulates this promoter via a classical genomic mechanism. ERE2 strategic position together with ERE1 and ERE2 independence, and Sp contribution should ensure mSlo estrogen-responsiveness. Thus, mSlo gene seems to have uniquely evolved to warrant estrogen regulation. Estrogenmediated mSlo genomic regulation has important implications on long-term estrogenic effects affecting smooth muscle and neural functions.
Large conductance, voltage and Ca +2 -activated K + (MaxiK, BK, BK Ca ) 5 channels link cell excitability with cell metabolism, as they are exquisite sensors and controllers of both voltage and intracellular Ca +2 . As a consequence, MaxiK channels are key regulators of vital body functions, such as, blood flow, neural function, and uresis (1) (2) (3) . MaxiK channels are formed by four pore forming α-subunits (Slo) that can associate with regulatory ß-subunits (4) . The α-subunit is expressed from a single copy gene in all studied species known as KCNMA1 or Slo. In mouse, it is present in chromosome 14 and has 27 constitutive exons, which are evolutionarily conserved.
Knock out mouse models have highlighted the importance of Slo expression in blood pressure regulation (5), hearing (6) , urinary bladder contraction (7) , erectile function (8) , and neurological disorders (9) . Further, a mutation in the human gene has been linked to coexistent generalized epilepsy and paroxysmal dyskinesia (10) .
Defining the mechanisms that rule Slo gene expression is key to understand the basis of Slo channel function. Several publications in recent years show that Slo transcript levels can be under the control of sex hormones and pregnancy. For example, mSlo transcript levels were upregulated with the advancement of pregnancy in mouse myometrium (11, 12) likely due to the change in sex hormone levels. Consistent with this idea, mSlo transcript levels in myometrium were increased by 17-β-estradiol (estrogen) treatment of normal and ovariectomized mice (13) (our unpublished data). Also, in aorta of guinea pig, chronic treatment with estradiol upregulated Slo mRNA levels (14) . However, the underlying mechanism of this transcript upregulation is unknown. Thus, we questioned whether these long-term effects of estrogen on Slo transcript expression could be due to a genomic mechanism. Answering this question had as a prerequisite the establishment of the promoter(s) architecture. In this regard, studies of the Drosophila homolog gene, slowpoke (dSlo), have shown that this gene contains multiple promoters that regulate dSlo expression in a tissue (15) (16) (17) (18) and developmental stage (19) specific manner. However, no studies have addressed the architecture and potential presence of multiple promoters and start sites in mammalian Slo. Therefore, our experimental strategy was designed to define: i) the transcription start site(s) and promoter(s) of mSlo, ii) the estrogen-regulatory regions in mSlo promoter(s) and iii) the molecular mechanism(s) of estrogen-mediated regulation of mSlo.
Here, we present evidence for the existence of multiple promoters and transcription start sites in mSlo gene, and for their unique characteristics assuring estrogen-mediated activation via classical and non-classical genomic mechanisms.
MATERIALS AND METHODS
Animals⎯Young adult (2-5 months) mice (C57BL/6) were used. Animal protocols were approved by UCLA, IRB. Tissues were collected and cleaned in phosphate buffered saline (10 mM sodium phosphate buffer, pH 7.4, 138 mM NaCl, 2.7 mM KCl) prior processing.
Reagents⎯Trizol reagent (Invitrogen) was used for total RNA preparation. Gene Racer RACE kit and Superscript III reverse transcriptase (RT) were from Invitrogen. AMV RT was from Promega. Restriction and modifying enzymes were from New England Biolabs and Taq DNA polymerase with Q-solution were from Qiagen. Plasmids were prepared using Qiagen kits and clones were sequenced with BigDye Terminator v3.1 (Applied Biosystems). 17-β-estradiol was from Sigma and ICI 182,780 was from Tocris Bioscience. [γ- 32 P] labeled ATP and poly (dI-dC)-poly (dI-dC) were purchased from GE Healthcare.
Cell culture⎯ HeLa (human epithelial), NIH-3T3 (mouse fibroblast) and A7r5 (rat aortic smooth muscle) cells were purchased from American Type Culture Collection (ATCC). Cells were maintained in cell culture media consisting of Dulbecco's modified Eagle's medium (DMEM, high glucose, with L-glutamine) (Invitrogen) supplemented with 50 U/ml penicillin, 50 µg/ml streptomycin, and 10 % fetal bovine serum (fetal calf serum for NIH-3T3 cells) under 5% CO 2 -air mixture at 37 o C. Cells were subcultured as recommended by ATCC.
Plasmid constructs⎯All plasmids were generated using standard recombinant DNA techniques. A P1-clone was used to obtain an mSlo gene fragment spanning -6950 nt from A(+1)TG of third possible translation initiation codon (encoding methionine 3, M3) (20) plus 183 nt of exon 1 and 771 nt of intron 1. The fragment was subcloned in SalI and BamHI sites of pGEM3 vector (Promega). Subsequent clones were generated by PCR amplification from this clone.
Constructs to detect promoter activity were subcloned in pGL3-Basic vector, which contains luciferase coding sequence, a poly-adenylation signal and no promoter for luciferase expression (Promega). For 5'-promoter-deletion constructs, mSlo sequences were maintained up to position +7 and included 17 nucleotides of the vector multiple cloning site in frame with luciferase sequences. Thus, translation produces luciferase protein with additional 8 amino acids at its amino terminus (MDVDSCGS, where MD are from mSlo). Gene fragments were amplified with respective forward primers and mSloR, reverse primer (Table 1) . PCR products were digested with AscI and BamHI and subcloned into MluI, BglII sites of pGL3-Basic vector. To generate the -236/+7 construct, the -1262/+7 construct was digested with SacI (two sites, one in mSlo -231 and another in the vector). The band of interest was gel purified and religated. The PCR product of -467/+7 construct was digested with MluI (at -82 nt) and BamHI and ligated in the corresponding sites in pGL3-Basic vector to obtain the -83/+7 construct. To make the -765∆(-636 to -84) construct, the -765/+7 was digested with MluI (two sites at -635 and -82) and the larger product was religated.
For 3'-promoter-deletion constructs, gene fragments were amplified with -4910 forward primer and respective 3'-reverse primers (Table 1) . PCR products were digested with AscI and BamHI and subcloned into MluI and BglII sites of pGL3-Basic vector. These constructs yield luciferase protein without additional amino acids.
Site-directed mutagenesis of EREs was done using two-step PCR. The PCR products containing mutated sequences were subcloned as cassettes for -4910/+7 ERE1mut (see Fig. 6A ,) using the EcoRV (-3204 nt)-NdeI (-2000 nt) sites; and for -4910/+7 ERE2mut using NdeI (-2000 nt)-XhoI (-228 nt) sites. Equivalent strategy was used for the -2924/+7 ERE2mut construct. For the -1056/+7 ERE2 mutant, the whole construct was amplified in the second PCR using -1056/+7 forward primer and mSloR reverse primer.
To generate the double mutant -4910/+7 ERE1 & ERE2mut, the EcoRV-NdeI fragment from -4910/+7 ERE1mut was ligated in the same sites of -4910/+7 ERE2mut. Deletion mutant -4910/+7 ∆ERE1 & ERE2mut was obtained by deletion of EcoRI (-3109 and -1973) fragment from -4910/+7 ERE2mut construct followed by re-ligation.
Human ERα DNA-binding domain mutant (DBDM; EG 203-204 AA) was generated using onestep PCR with primer GAGTCTGGTCCTGTGCAGCTTGCAAGGCCT TCTTC (mutations, italics).
Restriction mapping and subsequent sequencing confirmed the accuracy of all clones.
Rapid Amplification of cDNA 5'-Ends (RACE) analysis⎯Gene Racer RACE kit (Invitrogen) which uses the principle of RNA ligase mediated 5'-RACE was used. After isolation of mRNA, truncated and non-mRNA were eliminated from the RACE reaction by dephosphorylation of their 5' phosphates with calf intestinal phosphatase. Capped mRNA was then decapped with tobacco acid phosphatase, exposing 5' phosphates required for oligo ligation. The ligated mRNA was reverse transcribed with a gene specific primer designed from the sequences +27 to +47 from A(+1)TG of M3, and Superscript III reverse transcriptase (55 o C, 1 h). cDNAs were amplified by PCR (5'RACE-PCR) using GeneRacer 5' forward Primer (from RACE kit) and a gene specific reverse primer (-255 to -233), followed by seminested PCR using the same forward primer and a nested gene-specific reverse primer (-274 to -254). In this way, only mRNA that had the GeneRacer RNA Oligo ligated to the 5' end and that is completely reverse-transcribed undergoes amplification. Several PCR amplification cocktails were tested and amplification with HotStar Taq DNA polymerase and Q-solution (Qiagen) gave the best results including amplification of GC rich regions. Products were identified by sequencing.
Primer extension⎯Primers (Table 1) To the RNA-primer mix, RT-buffer, dNTP and 200 U of Superscript III RT were added and incubated at 50 o C for 1 h for primer extension.
Reactions were stopped by heating samples at 70 o C for 15 min. Samples were ethanol precipitated and analyzed by 8% Urea-polyacrylamide gel electrophoresis. As a reference, a sequencing reaction was run in parallel using the fmol sequencing kit (Promega).
Cell transfection and Luciferase assay⎯Cells were grown in cell culture media to about 70 % confluence and transfected with either the empty vector as control or with the promoter-luciferase constructs using Lipofectamine 2000 reagent following manufacturer's instructions (Invitrogen). In all experiments, pRL-TK vector which directs Renilla Luciferase (RLuc) expression was used as the transfection control to normalize Firefly Luciferase (Luc) activity. Transfection was carried out for 16 h in serum-free media, followed by regular culture for 30 h prior cell lysis. Cells were lysed with passive lysis buffer and assayed using Promega dual luciferase assay kit and the Veritas luminometer (Turner Biosystems). Results are expressed as Luc/RLuc ratio normalized to the maximum value in each experiment. In experiments with constructs of different sizes, equal molar amount of DNA was transfected and the total amount of DNA transfected was kept constant using the pGem3Zf-vector. For estradiol induction assays, cells were cotransfected with the human estrogen receptor α (hERα) expressing vector. Unless otherwise stated, hERα DNA was 0.125 times the concentration of the promoter constructs. Phenol red free media was always used and transfection was carried out overnight (16 h) in serum free media. Next day, cells were induced with estradiol or carrier (ethanol <0.01%) in cell culture media but with charcoal-dextran stripped serum (HyClone). Luciferase assays were performed 24 hour after induction. Results are presented as average of at least three transfections.
RNA interference⎯Pre-designed siRNAs against human Sp1, Sp3 and Sp4 transcription factors were purchased from Dharmacon Inc. Cotransfection of siRNA (40 nM) with reporter DNA and estrogen responsiveness assay was carried out as described above. Efficiency of transfection was more than 80% as determined from transfection with a fluorescein-conjugated control siRNA. To measure the efficiency of gene downregulation, real-time PCR analysis was performed with cDNA prepared from total RNA of transfected cells. Glyceraldehyde phosphodehydrogenase (GAPDH) mRNA levels were used as reference. Relative expression was calculated using 2 -∆∆CT method (21) . Electrophoretic mobility shift assay (EMSA)⎯ Nuclear extract from HeLa cells transfected with hERα and induced with 10 nM estrogen was prepared as previously described (22) . Estrogen treated MCF7 cell nuclear extract was from Active Motif.
Sense and antisense oriented oligonucleotides spanning mSlo ERE2 or mutated ERE2 were synthesized and annealed to make a duplex probe. ERE consensus and Sp1 duplexes were from Santa Cruz Biotechnology and Promega Inc., respectively. mSlo ERE2 duplex (3.5 pmol) was end labeled with polynucleotide kinase and [γ-32 P]ATP. Labeled probe was purified and ~20,000 cpm (~3 fmol) of the probe was used in a 10 µl binding reaction. The binding reaction was performed in a buffer containing 4 % glycerol, 1 mM MgCl2, 0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl, 10 mM Tris-HCl pH 7.5 and 500 ng poly (dI-dC)-poly(dI-dC). The nuclear extract (5 µg) was preincubated in binding buffer for 15 min prior addition of probe, and incubated for another 20 min at room temperature. For competition assay, competitor molecules were added during the preincubation stage. DNA-protein complexes were resolved in a 0.5 X TBE-5% PAGE (10 o C, 220V) and processed for autoradiography.
Western blot analysis⎯Fifty microgram of nuclear extract from HeLa cells transfected with hERα was resolved in a 4-20% gradient SDS gel and immunoblotted using a polyclonal antibody raised against hERα (ER-α66, CHI Scientific) as described previously (12) . Non-transfected HeLa cell nuclear extract was used as control.
Statistics⎯All experiments were performed with three different RNA preparations (3 animals per each preparation of aorta RNA, two animals per preparation of bladder RNA, and one animal per preparation of uterus and intestine RNA) or three different batches of transfected cells. Results are expressed as mean ± standard error (SE). Twotail Student's t-test was used and P<0.05 was considered significant.
Software⎯To find TSSs we have used Neural Network Promoter Prediction (NNPP2.2), Promoter2.0 (23), Eponine (24) and FirstEF (25) software. Homology search and alignments were done using NCBI BLAST and VISTA (26) tools. Transcription factor binding sites were identified using Transcription Element Search System (TESS) (27) and MatInspector from Genomatrix Software, GmbH, München, Federal Republic of Germany.
RESULTS
Identification of mSlo transcription start site(s)⎯Initial analysis of mSlo sequences available in GenBank showed cDNAs with various sizes of 5'-untranslated regions. One possible explanation to this variety of 5'-UTR sizes is that mSlo transcription initiates at different start sites. Three independent methods were used to examine this possibility: i) Computational analysis, ii) RACE, and iii) Primer extension. For practical purposes position +1 was assigned to A in ATG of the third possible translation initiation codon (encoding M3) (20) .
i) Computational analysis. Analysis of 1.5 kb gene segment (GenBank, NC_000080) upstream of ATG encoding M3 predicted that indeed transcription could start from a number of different transcription start sites (TSSs) (colored arrows, Fig. 1A ). We used for this purpose NNPP2.2, Eponine, Promoter 2.0 and FirstEF software. These programs utilize various operating principles including the presence of CpG islands (~200-500 bp with C+G content >50-55%), TATA, CCAAT, and Inr sequences (28) . All but one start site predicted by NNPP2.2 (confidence >0.8) and Eponine (confidence >0.999) were within mSlo 5'GC-rich region (~1 kb upstream M3) (red and yellow arrows in Fig. 1A ). Promoter 2.0 (blue arrows) pointed a single TSS at -271 nt with very high confidence (1.0) within this GCrich sequence; whereas FirstEF predicted a TSS at -661 nt (confidence 1.0) (green arrow) and a promoter between -1161 nt and -592 nt (PFirstEF, dark gray box). Besides these TSSs in the GC-rich region there were two more possible TSSs at -1282 (red arrow) and -1170 (blue arrow) nt predicted by NNPP2.2 and Promoter 2.0, respectively. All these predictions supported the presence of multiple start sites; however, the predicted positions did not coincide with each other precluding the precise definition of mSlo TSSs by computational means (28) .
ii) RACE analysis. To prove or disprove the presence of multiple TSSs in mSlo gene, we initially performed 5'-RACE analysis. We used an RNA ligase mediated 5'-RACE method which selects capped RNA ensuring the amplification of full length RNA molecules. A gene specific reverse primer spanning from +27 to 47 nt of the coding sequence was used for reverse transcription to assure amplification of all possible coding transcripts. After reverse transcription, amplified cDNAs were subjected to PCR amplification with another gene specific reverse primer (-255 to -233 nt) and the forward primer designed to anneal to the RNA-oligo ligated to the mRNA (see Methods). When the RACE-products were separated in agarose-gel, we found four bands in samples of aorta (Fig. 1B, a-d) . In uterus, all four bands were present but only the larger one was sufficiently strong to capture (Fig. 1B, e) . Bands ae were gel purified and re-amplified using semiinternal PCR confirming product specificity (Fig.  1C) . Similar results were also obtained from the 5'-RACE analysis of brain tissue (data not shown). Cloning and subsequent sequencing of these four bands showed different transcription start sites with a variety of cDNA lengths in each band; for example, band (a) yielded products spanning positions -1217 to -1114 (from 14 sequenced clones, only one clone predicted a TSS at position -1217 and six clones predicted TSSs around -1189). Based on the longest and more frequent products of the sequenced clones from each band, we speculated that at least four TSSs may exist at positions near -1189, -1064, -956 and -726 nt (Fig.  1A , black arrows).
iii) Primer extension. To further validate the expression of mSlo transcripts from the RACEinferred TSSs, we used as an alternative approach primer extension analysis with gene specific reverse primers starting from ATG of M3 (Fig. 2 ). Experiments were performed using 3 different RNA preparations of various smooth muscles (Uterus, U; Intestine, I; Bladder, B; Aorta, A) and with reverse primers designed to detect the various putative TSSs identified by RACE. Primer PE1 (Fig. 1A , Table1) complementary to sequences (-1127 to -1107 nt) was used to confirm the -1189 nt TSS. Primer extension with AMV reverse transcriptase (sequences in that region were not GC rich) using primer PE1 (see Fig. 1A for PE1-PE4 positions) produced a strong signal in all four tissues tested ( Fig. 2A) positioning a TSS at -1187 nt in close approximation to the result obtained with RACE . Note that a faint product at -1209 ( Fig. 2A , arrowhead) was also extended by PE1 primer in close agreement with RACE product at -1217. Confirmation of TSSs at the other three putative sites was more complex likely because of the high GC content in that region. In fact, 2 primers designed to detect the -1064 RACEinferred TSS did not yield any product; and thus, this potential TSS could not be corroborated by primer extension. Primer PE3 (-570 to -590) ( Table 1 ) designed to detect the -726 RACEinferred TSS gave a strong band mapped at -826 nt in bladder and faint bands at the same position in uterus and intestine ( Fig. 2B ) but no product was observed at -726. However and consistent with RACE-inferred TSS at -956 nt, PE3 primer also extended to another longer weaker product at -950 nt which although not positioned with accuracy could correspond to the RACE-inferred TSS ( Fig. 2B ; arrowhead). We also used a primer spanning -708 to -681 (PE2) that produced a smeared signal of +/-20 nt long with a strong product mapped at -804 nt (Fig. 2C ) or distinct bands encompassing -826 (not shown). Interestingly, PE3 could only detect -826 but not -804 nt TSS as it was expected. One possible explanation is that this region has high secondary structure and thus, primers selectively anneal to defined mRNAs.
Since NNPP2.2 and Promoter 2.0 software predicted the presence of TSSs close to M3 (Fig.  1A) , we designed 5 different primers to scan up to -500 nt upstream of M3. Two primers extended beyond the resolution of the sequencing gel and two primers failed extension. However, PE4 annealing to -108 to -133 nt mapped strong TSSs at -184 nt and -186 nt; the latter being absent in bladder (Fig. 2D ). The existence of true TSSs proximal to M3 (downstream of the first possible translation start codon, M1) was supported with promoter analysis as shown later in Fig. 3 . Scheme in Fig. 2E summarizes the main TSSs identified by primer extension (arrows).
In summary, RACE and primer extension are consistent with the view that mSlo transcription can start at multiple sites. Although not with precision, computational analysis also supported this view. In particular, the TSS near -1187 nt was confirmed with RACE and primer extension. In addition, primer extension revealed dominant TSSs at positions -826, -804 and -186 to -184, and at least two other weaker TSSs (-1217 and ~-950) that could be related to RACE products.
Core promoter elements and regulatory motifs in mSlo 5'-flanking sequence⎯After experimentally establishing the most probable TSSs, we analyzed sequences for the presence of classical core promoter elements that could support transcription like TATA box, Inr (initiator), BRE (TFIIB recognition element), DPE (downstream promoter element), MTE (motif ten element) and GC box (29) (30) (31) (32) . In agreement with a dominant TSS near -1187, two adjacent and perfect Inrs (PyPyA(+1)NA/TPyPy) were found surrounding this TSS, which predicted start sites at -1189 (as found by RACE) and -1182 ( Fig This property also applied for -186 TSS (-1,+1, CG) (Fig. 2D) . In contrast, sequences -804 or -184 nt TSSs did not match with an Inr-related sequence nor could we locate any strong TATA box, BRE, DPE, MTE, a pyrimidine-purine dinucleotide (-1, +1) or a GC box (for -804) that could explain transcription initiation at these sites. Nevertheless, both TSSs could be supported by the existence of an imperfect 5'-ATG deficient region (ATG-desert) from -1137 to -287 nt, which is thought to enable transcription (34); while -184 may also rely on the presence of a GC box (at -245 to -232 nt) for transcription. Furthermore, promoter activity studies ( Fig. 3 ) support their usage. ATG-desert could also support transcription from -826 and -186 TSS. Therefore, mSlo gene promoter falls into the category of TATA-less promoters with multiple TSSs (predominantly -1187, -826, -804, -184, -186) and multiple promoter elements.
Because Slo is abundantly expressed in smooth muscle, we also looked for musclespecific transcription factor binding sites within 6.9 kb upstream from ATG of M3. Most of the smooth muscle expressing genes are controlled by serum response factor (SRF), myocyte enhancer factor-2 (MEF-2), and by muscle specific Myo-D (35) . Indeed, we found one consensus (CArG box, CC(A/T) 6 GG; -1751 CCT TTAAAGG -1742 ) and 5 additional semi-perfect SRF binding sites (Fig. 2E (Fig. 2E, ) . E-boxes (CANNTG) that can bind basic helix-loop-helix protein particularly muscle specific Myo-D are also common in mSlo promoter (Fig. 2E, #) . Its worth mentioning that most of these sites are clustered near -1187 nt TSS. Precise locations can be found in Supplemental Fig. 1 .
In line with our hypothesis of estrogen mediated regulation of mSlo, computational analyses (using TESS and MatInspector) detected multiple common cis-acting motifs which are known to mediate estrogen response through estrogen receptors via "direct" and "indirect mechanisms". The "direct" or "classical" pathway of ERα action involves the direct binding of the receptor to the target DNA. Few mammalian genes are known to be activated by ERα binding to a "perfect" estrogen responsive element (ERE, GGTCAXXXTGACC) being more common the activation via imperfect EREs or ½EREs. "Indirect" or "non-classical" mechanisms do not involve direct binding of ERα itself to the target gene but require another DNA-binding transcription factor, like Sp1, to aid ERα association with DNA (36). In -6. Identification of a gene region that exhibits strong promoter activity in different cell context⎯To identify mSlo 5' regions necessary for basal promoter activity, we initially subcloned four fragments of 5'-flanking sequence fused with the firefly luciferase gene and analyzed their activity. All these four constructs (-6944/+7, -4910/+7, -2924/+7, -1262/+7) (Fig. 3A) were designed to direct luciferase expression from the third probable translation start site A(+1)TG of mSlo. We speculated that -1262/+7 construct would direct expression of mSlo if the TSSs at -184, -186, -804 and -826, found by primer extension, represent true TSSs.
Plasmids containing mSlo gene fragments were transfected into a human epithelial cell line (HeLa), a mouse fibroblast cell line (NIH-3T3) and a smooth muscle cell line of rat aortic origin (A7r5). Normalized luciferase (Luc/RLuc) activity showed that the relative transcriptional activity of these four mSlo gene fragments was similar in all cell types tested (Fig. 3B) , though the -2924 fragment appeared to have somewhat stronger activity in A7r5 cells. The latter may be explained by the island of smooth muscle specific transcription factor binding sites near -1187 start site (Fig. 2E ). In agreement with the presence of proximal TSSs, the -1262 construct retained promoter activity in the three cell lines. In general, the longer the gene fragments were the lower the luciferase activity was, indicating that there may be some cis-acting inhibitory elements present upstream of -2924 nt.
Delineation of promoter boundary⎯To circumscribe promoter regions, we made 5' and 3' deletion constructs (Fig. 4A, C) . Short 5'-serial deletions of about 200 nt apart were made starting from -1967 nt. All these constructs (Fig. 4A) had the same 3'-end as constructs in Fig. 2 . Figures  4A,B show that the minimal region for maximal promoter activity is located within -467 nt construct as the -236 nt construct had significantly reduced activity which was practically lost using the -83 nt construct. The loss of activity in the -83 nt construct was observed in both HeLa and A7r5 cells. Also, a strong reduction of promoter activity by an internal deletion of -636 to -84 nt within the -765 nt long construct (∆636-84) support the presence of a strong proximal promoter in this region, which would drive transcription from -186/-184 nt TSSs.
Next, we designed a series of plasmids with common 5'-extremities beginning at -4910 nt and variable 3'-ends (Fig. 4C ). All these constructs were transiently transfected in HeLa, NIH-3T3 and A7r5 cells and have an ATG codon with a Kozak consensus sequence to drive luciferase translation. As shown in Figure 4D , deletion constructs ∆-1171, ∆-1070 and ∆-966 had undetectable promoter activity although they contain the -1187 TSS along with 5' flanking sequences. However, ∆-780 construct with 186 additional nt with respect to ∆-966 showed significant promoter activity highlighting the functional relevance of these gene stretch. This activity could result from either the -1187 or -826/-804 nt TSSs or both. As expected, ∆-473 construct had no additional activity confirming the absence of active TSS within -781 to -474 nt region. Additional 278 nt in ∆-195 construct (with respect to ∆-473 construct) had no additional effect on promoter activity in HeLa and NIH-3T3 cells but it increased the activity in A7r5 cells. One possible explanation to this result is that in A7r5 cells, cell specific factors might help in the assembly of the transcription machinery on that region uncovering additional TSS between -196 and -473 nt. Nevertheless, comparison of ∆-195 construct activity with that of the full length showed that addition of sequences containing TSSs at -186/-184 dramatically increased the overall promoter activity (Fig. 4D) by about 3-5 times.
Taken together the results from 5' and 3' deletion experiments demonstrate that mSlo gene is under the control of at least two promoters one distal upstream -780 nt and one much stronger proximal promoter within -467 nt from M3. mSlo promoter activation by estrogen⎯Constructs -6944/+7, -4910/+7, and -2924/+7 in Figure 3A were used to determine the action of 17-β-estradiol (estrogen) on mSlo promoter activity. HeLa cells were transfected along with human estrogen receptor alpha (hERα). hERα was expressed from CMV promoter which is not responsive to estrogen. Three parameters were measured to assess the specificity of estrogen-mediated promoter activation: i) estrogen dependency, ii) estrogen-receptor α (ERα) dependency, and iii) pharmacological response to the classical estrogen antagonist ICI 182,780.
Estrogen dependency was examined by stimulating cells with different doses of estradiol and measuring luciferase activity 48 h post induction. In general, activation was observed with doses as low as 0.1 nM estradiol, and activity increased with addition of increasing doses of the hormone (Fig. 5A) Independently fitted curves showed that the Hill coefficient was about 1 and the apparent estradiol affinity was within the same range (P>0.1) for the three constructs: for -6944/+7 EC 50 was 0.22 ± 0.09 nM (n=3 different transfections); for -2924/+7, EC 50 was 0.4 ± 0.13 nM (n=3 different transfections); and for -4910/+7, EC 50 was 0.34 ± 0.14 nM (n=3 different transfections). On the other hand, the efficacy or maximal activity of the -6944/+7 construct in response to estrogen was consistently lower (8.3 ± 0.1) compared to -4910/+7 (16 ±3, p = 0.07), and -2924/+7 (12 ± 0.2, P=0.0001) constructs suggesting the presence of inhibitory sequences in this construct. Although not significantly different, the slight tendency of -4910/+7 construct to yield higher maximal activity than the -2924/+7 construct could be explained by the presence of four additional estrogen response sequences (½EREs) in the longer construct (see Fig. 3A ).
Estrogen-mediated activation of mSlo promoter was also dependent on the presence of estrogen receptor α (ERα). Construct -2924/+7 was transfected with different amounts of human ERα and treated with 0.1 and 1 nM estradiol. Results in Figure 5B show a saturable dosedependent curve conclusively demonstrating that ERα is required for estrogen response of mSlo gene. Furthermore, cells treated with different doses of ICI 182,780 along with estradiol (1 nM) showed that the drug successfully antagonized estradiol-mediated upregulation in a dosedependent manner (Fig. 5C ). The IC 50 for ICI was 3.2 ± 0.3 nM (n=3 different transfections; ± SD of the fit) with 10 nM ICI 182,780 completely blocking the upregulatory action of estrogen. In summary, mSlo gene is highly responsive to estrogen and this regulation is facilitated by ERα supporting a genomic mechanism of ERα on mSlo gene promoter element(s) as shown below.
Promoter region required for mSlo transcriptional regulation by estrogen⎯To determine the elements in the mSlo promoterregulatory region required for estrogen responsiveness, the activities of 5'-deletion mutants were evaluated in HeLa cells. From the experiment in Fig. 5A , we knew that the -2924/+7 construct contains most of estrogen responsive elements. Therefore, we made sequential deletion constructs of this region. Estrogen responsiveness assay showed that hormone-mediated promoter activation fell with the progression of deletions towards ATG of M3 (Fig. 5D) . Deletion of 956 nt (from -2924 to -1967) caused a clear drop of estrogen-responsiveness. On the other hand, serial deletions of ~300 nt from -1967 to -1056 maintained a relatively constant slope of activity decay; while deletion of another ~300 nt in -765/+7 construct caused again an abrupt change in the slope completely obliterating estrogen responsiveness. Therefore, we hypothesized that a Fig. 5D, diagram ; symbols are as in Fig. 2D) .
Requirement of putative EREs in estrogen responsiveness⎯To evaluate the role of ERE1 and ERE2 sites in estrogen responsiveness, we mutated the longest construct that shows maximal estrogen response (-4910/+7, Fig. 5A ). The effect of ERE2 mutation was also analyzed in the context of the minimal estrogen-responsive construct (-1056/+7, Fig. 5D ). Diagrams of wild type (WT) and mutant/deletion constructs are displayed in Fig. 6A . Estrogen mediated activation results are shown in Fig. 6B-C .
In the context of -4910/+7 construct, mutation of ERE1 had an insignificant effect on estrogen response with respect to the WT construct, while ERE2 mutation had a seemingly inhibitory effect (though statistically insignificant). At 10 nM estrogen, Luc/Rluc for WT was 31 ± 4, for ERE1 was 28 ± 1 (P=0.4), and for ERE2 was 23 ± 2 (P=0.1). In contrast, mutating both sites reduced the maximal activation to about half; Luc/Rluc for ERE1&ERE2mut was 15±1 (P=0.01). Similarly, ERE1 deleted and ERE2 mutated construct (-4910/+7 ∆ERE1 & ERE2mut) also caused about half reduction in estrogen response (Luc/Rluc = 13 ± 0.1, P=0.01). Since results in Fig. 5A indicated that sequences within -4910 and -2924 nt region may contribute to estrogen response, we examined whether deletion of this region could further decrease estrogen responsiveness in the ERE2 mutant. Indeed, the ERE2 mutant construct lacking -4910 to -2925 region (-2924/+7 ERE2mut) showed additional reduction in Luc/Rluc from 23 ± 2 to 17 ± 1 (P=0.02) supporting a complementary role of upstream sequences in estrogen regulation.
In the context of the minimal estrogenresponsive construct (-1056/+7), mutation of ERE2 resulted in practical loss of responsiveness to doses of estrogen (Fig. 6C) . Because the -1056/+7 construct contains sequences of the proximal and distal promoters (Fig. 4) , we directly assessed the role of ERE2 on the proximal promoter by testing estrogen regulation of the ∆-780 construct (Fig. 4C) lacking the proximal promoter. This construct containing the full distal promoter but lacking the proximal promoter failed to produce any estrogen response at concentrations from 0.1 to 10 nM (n=3) (not shown).
Overall, these results indicate that ERE2 has a major role in estrogen-responsiveness of the proximal promoter; while both ERE1 and ERE2 partially contribute to the estrogen response with ERE2 having a somewhat preferential role when embedded in the backbone of 4.91 Kb sequence. Partial inhibition of estrogen response by mutation/deletion of both ERE1 and ERE2 and the presence of plenty of putative Sp factor binding sites in mSlo promoter, prompted us to investigate whether Sp factors could contribute to estrogen responsiveness in the context of -4910/+7 construct.
Role of Sp-factors in estrogen responsiveness of mSlo
promoter⎯We compared estrogenresponsiveness of the -4910/+7 wild type (WT) construct (Fig. 7A) with that of the EREs mutated construct (-4910/+7 ERE1&ERE2mut, Fig. 7B ) in cells cotransfected with 40 nM siRNA directed against Sp1, Sp3 or Sp4 transcription factors. Successful gene silencing was examined by realtime PCR (Fig. 7A, inset) which showed ~75% reduction in expression for all three Sp factors. All three siRNAs reduced mSlo non-stimulated promoter activity regardless of ERE1 and ERE2 being mutated (Fig. 7A,B , compare unfilled bars in Control vs. siSp1-siSp4, # significantly different; inhibition of the WT construct by Sp3 and Sp4 siRNAs was statistically insignificant). On the other hand, the significant estrogenmediated stimulation of WT promoter activity (Fig. 7A, * , unfilled vs. black bars of Control) was practically abolished by Sp1 siRNA treatment (Fig. 7A, siSp1 unfilled vs. gray bars). This effect was independent of the integrity of ERE1 and ERE2 (Fig. 7B , compare estrogen stimulation in Control, unfilled vs. black bar with respect to lack of stimulation in siSp1, unfilled vs. gray bar). Sp3 or Sp4 siRNA treatments were less effective in preventing estrogen-mediated stimulation of the WT construct (Fig. 7A , stimulation was still significant, *, compare siSp3 and siSp4 unfilled vs. gray bars with respect to Control). However, in the absence of active ERE1 and ERE2 sites treatment with Sp3 and Sp4 siRNAs significantly inhibited estrogen-mediated upregulation (Fig. 7B , compare siSp3 and siSp4 unfilled vs. gray bars with respect to Control, unfilled vs. black bar). In summary, Sp1 seems to be the main contributor to estrogen-mediated regulation of mSlo promoters; while Sp3 and Sp4 seem not to play a major role under normal conditions but could have salvaging roles when ERE sites are no longer active. The robust inhibition of estrogenresponsiveness by the deficiency of Sp1 factor likely results from the combination of: 1) the low non-stimulated promoter activity, and 2) the disruption of Sp factor mediated non-classical pathway of estrogen action. Our next experiments with mutant ERα clarified that only a portion of estrogen-responsiveness is contributed by a non-classical pathway.
Physical interaction of ERα with the ERE⎯
Mutagenesis experiments showed the possibility of direct binding of ERα with mSlo EREs (Fig. 6 ). To investigate this possibility, we undertook two different approaches: i) estrogen-responsiveness assay with a well characterized DNA-binding domain mutant (DBDM) of ERα which lacks direct binding to ERE capability but still can interact with other transcription factors (37), and ii) electrophoretic mobility shift assay (EMSA). Results in Fig. 8 show that the -4910/+7 (A), -1520/+7 (D) and -1056/+7 (E) WT constructs all showed a significant decrease of estrogenresponsiveness when the mutant ERα, DBDM, was used (*, compare black with corresponding gray bars). This decrease would correspond to the classical (c) pathway marked for clarity only for the -4910/+7 WT construct (Fig. 8A , dotted double arrow). A decrease in the estrogenresponsiveness of ERE mutants in -4910/+7 construct with DBDM-ERα (Fig. 8B,C , compare black vs. corresponding gray bars, **) suggests that the DNA binding property of ERα to activate mSlo promoter is not limited to the two EREs (the contribution of the two EREs is marked with gray double arrow in Fig. 8B ) . Note that estrogen stimulation of WT or ERE mutants in the -4910/+7 construct was not completely abolished by expression of the DBDM-ERα (Fig. 8A-C) ; the remnant activation is consistent with a partial role of non-classical mechanisms (nc) in estrogen-mediated stimulation, likely Sp1 as shown in Fig. 7 . For illustrative purposes the non-classical contribution of estrogen-mediated stimulation is marked with a black double arrow only for the WT construct (Fig. 8A) . Because ERE2 is the single estrogen receptor binding site in the -1056/+7 construct, we expected to observe no differential estrogen stimulation between WT (Fig. 8E ) and ERE2 mut (Fig. 8F ) constructs when DBDM-ERα was used. However, the ERE2mut construct showed less estrogen activation in the presence of DBDM-ERα than the WT-construct (dashed lines). This reduction in estrogen-activation is unlikely to come from ERE-like sequences in this construct as none were detected under close inspection, indicating that its origin is likely from the vector itself which is known to possess weak ERE-like sequences. Overall, these results indicate that a mechanism involving direct binding of ERα to EREs (classical mechanism) is a significant component of estrogen-responsiveness of mSlo gene. As mutational experiments suggested ERE2 preferential role (Fig. 6B) , we examined whether ERα binds to this site in mSlo gene using EMSA. Nuclear extracts from estrogen-treated HeLa (transfected with human ERα) and MCF7 cell lines were used as source of dimerized-ERα. Expression of ERα in HeLa cell nuclear extract was confirmed by Western blot (WB), which shows labeling of a band of the expected molecular mass (~67 kDa) and its absence in nuclear extracts of mock-transfected cells (control, Ctr) (Fig. 9A, left panel) . Ponceau S staining of the same blot served as control for loading (Fig.  9A, right panel) . Duplexed DNA probe (mSlo ERE2) and the competitor sequences (mSlo mutated ERE2, Consensus ERE, Sp1) are shown in Fig. 9B . The EMSA in Fig. 9C shows that a prominent DNA-protein complex was formed with HeLa-ERα nuclear extract (left panel) incubated with the mSlo ERE2 probe, while three distinguishable complexes were detected with MCF7 cell nuclear extract (right panel). This indicates that in MCF7 cells additional protein interactions with the DNA-ERα complex must occur. Most importantly, all these bands were efficiently competed in a dose-dependent manner with the consensus ERE containing duplex (lines 3,6) but not with a mutant form of mSlo ERE (lines 4,7) or with an Sp1 consensus duplex (lines 5, 8) . These results conclusively demonstrate that ERα can directly bind to mSlo ERE2.
DISCUSSION
We have shown the first functional analysis of mSlo promoter regions setting the basis for understanding the regulatory mechanisms ruling the expression of the gene by estrogen. The existence of multiple transcription start sites and promoters along with the redundancy of estrogen response mechanisms depicts the "fail-safe" nature of mSlo estrogenic transcriptional control.
Multiple TSSs in mSlo⎯In general, computational analysis predicted two main features of mSlo gene: i) that mSlo transcription could initiate from more than one site, and ii) that the gene may contain a CpG island spanning -1 to -1199 nt (CpG island searcher (38) ). CpG islands enclose promoter regions in ~40% of human genes and are present in all ubiquitously expressed genes (39), a characteristic of mSlo.
Multiple TSSs were determined experimentally using 5'-RACE (Fig. 1 ) and primer extension (Fig. 2) . The fact that we could only corroborate two of the RACE-predicted TSS (-1189 and -956) with primer extension may be explained by a GC-rich RNA secondary structure region that negatively affects the reaction (only high temperature primer extension worked with certain primers; see Methods). In this regard, primer PE3 (Fig. 1A) should have recognized -804 and -826 but only detected the latter. Nevertheless, primer extension revealed the existence of four additional TSSs that were not detected by RACE, -826, -804, and surprisingly close to ATG of M3, -186 and -184 sites which are downstream of ATG encoding M1. Further, the presence of TSSs close to ATG of M3 seems real as it was corroborated by promoter-deletion luciferase assays (Fig. 4B) and predicted by NNPP2.2 software (Fig. 1A) .
It is worth mentioning that 5'-RACE-predicted TSSs reported here (-1189, -1064, -956, -726) correspond to the longest and more frequent products obtained by this method. The multiplicity of lengths detected by 5'-RACE could be due to amplification of degraded RNA or reflect a true property of mSlo transcription. We support the second explanation as 5'-RACE was performed with high quality RNA and used capped-mRNAs. Furthermore, it is now known that the majority of human genes have a broad distribution of TSSs (40) as is apparent in mSlo. Therefore, it is possible that mSlo transcription could also initiate from additional TSSs as the ones reported here resulting in different lengths of 5'-UTR. It will be interesting to find out which TSS is preferred in vivo and whether there is a difference in TSS selection in basal and activated transcription.
One could speculate that variable lengths of 5'-UTR generated by multiple TSS could direct tissue-specific translation factors contributing to variation in expression/efficiency patterns. Further, transcription from -186/-184 TSS would preferentially result in a protein translated from ATG of M3 (with perfect Kozak sequence).
Multiplicity of core elements⎯mSlo gene displays a variety of core promoter elements or sequences that would aid transcription from the various TSSs, e.g. Initiators (Inr), pyrimidinepurine dinucleotide (-1, +1), GC box, and imperfect ATG-desert region. In particular, initiators (Inr) are common upstream of mSlo GCrich region (Supplemental Fig. 1 ). Our results indicate that mSlo gene can use perfect and imperfect Inrs for the initiation of transcription. Interestingly, -1187 TSS found by primer extension (-1189 RACE-predicted product) is within two contiguous perfect Inrs that seem to serve as a sticky surface to assure transcription from this region. RACE products of -1189, -1182, -1180 lengths (asterisks in Supplemental Fig. 1 ) support this view. Non-conserved Inrs could explain the -826 TSS and the faint longer extended product in Fig. 2A (arrowhead at -1209; Supplemental Fig. 1 ). In this case, the strength of the signal coincided with the degree of Inr consensus accuracy. The Inrs encompassing -1187 TSS is associated to a DPE, that although not in an optimum position (+16 to +20 nt vs. consensus +28 to +32) could further support transcription from this TSS. Inr sequences can be associated with BRE or MTE (motif ten element) but these motifs seem not to be involved in mSlo transcription as MTE is absent and BRE could not be located at consensus positions.
Pyrimidine-purine dinucleotides supported the -826 and -186 TSSs; while imperfect ATG-desert supported TSSs at -186, -184, -804 and -826. The imperfect ATG-desert (34) contains two ATGs upstream of the one encoding M1. Interestingly, the distal ATG (-278 to -276) has a perfect Kozak sequence that could result in a small peptide of 27 amino acids. It will be interesting to determine whether this potential leader peptide has a functional role on mSlo.
GC boxes (Sp1 binding sites) are common in CpG islands associated promoters, as in mSlo. A GC box (-245 to -232 nt; Supplemental Fig. 1 ) predicted by TESS software comparing current human, mouse and rat models may support transcription of TSSs at -186 and -184. As regions upstream -804 and -826 are also GC rich, we can not exclude that these TSSs are also supported by a GC box and could undergo transcription aided by Sp1 (31) .
Although experimental TSSs could not be assigned to any TATA box (TATAT/AAAG/A), we found a TATA-like sequence located at -392 to -387 nt, which is conserved in mouse, rat and human Slo genes. Probably, based on the presence of this motif, Eponine software that uses a TATAbox and GC rich domain-based algorithm predicted a TSS around nucleotide -361 (Fig. 1A) in mSlo. The corresponding TATA-like sequence in hSlo gene has been correlated with a TSS (41) . We also found three MED1 (multiple start element downstream) motifs located at positions -515, -318 and -234 (Supplemental Fig. 1 ). This type of sequences have been proposed to play a role in TATA-less and multi-start-site class of promoters when located downstream TSS up to +145 (42) ; the potential role of these MED1 motifs in mSlo expression has yet to be established.
Multiple promoters⎯We have demonstrated that the mSlo 5'-flanking sequence immediately upstream of M3 possesses promoter activity in transfected cell lines. Basal promoter activity assay in different cell lines showed that the maximal promoter activity could be achieved with a -1262/+7 construct and that bigger constructs yielded less promoter activity. This effect is observed in many mammalian genes (41, 43) , and it has been attributed to the presence of inhibitory domains of the active promoters in upstream sequences (43, 44) . A similar pattern of basal activity displayed by the various size constructs in different cell lines suggests that basal promoter activity is driven by a similar PolII-complex regardless of the cell line.
Deletion analysis from 5'-or 3'-ends of the flanking sequence identified at least two promoter regions utilized by mSlo gene. 5' deletion construct identified a proximal promoter in HeLa, A7r5 smooth muscle cells (Fig. 4B) , and NIH3T3 cells (data not shown). The basal activity of the proximal promoter in multiple cell lines indicates that this region may direct the constitutive expression of mSlo in different tissues.
Activity of 3'-deletion constructs as a function of nt deleted upstream of ATG encoding M3 (Fig.  4D ) clearly showed two breaks in the curve confirming the presence of the proximal promoter and highlighted the activity of a distal promoter. The distal promoter required for its activity 186 nt from -966 to -781 (∆-780 vs. ∆-966 construct, Fig.  4C,D) . Based on the -1187 TSS mapped with primer extension, we would have expected that construct ∆-1171 would have presented promoter activity but this was not the case. Since many mammalian promoters are known to require sequences downstream of TSS for proper expression (31), we designed constructs with additional nucleotides. However, addition of 17 nt (∆-1171), 117 nt (∆-1070) or 220 nt (∆-966) did not result in any detectable promoter activity in the three cell lines tested. Several non-exclusive mechanisms could explain these intriguing results: i) a promoter that is strictly tissue specific and needs other factors for its expression which are absent in the cell lines tested but present in uterus, intestine, bladder, aorta ( Fig. 2A) and brain (not  shown) ; ii) a promoter that requires downstream sequences that were not included in the 220 nt downstream sequences of ∆-966 construct; and iii) a small 26 amino acid peptide could be synthesized from an ATG (at -1170 nt, with Kozak consensus sequence) preventing luciferase expression. Thus, the distal promoter could drive transcription from -1187 or from -826/-804 TSSs or from both TSSs.
Homology search of the mSlo UTR region in the EST database detected two clones (BY715389, AK019684) whose three exons are 100% homologous to the sequences complementary to -1907 to -1060 (dotted arrow in Fig. 1A marks  exon 1) . Existence of these ESTs suggests that the GC-rich sequences around -826/-804 nt TSSs harbor a bi-directional promoter. It is now known that many mammalian genes can produce this kind of sense-antisense transcripts and that they can regulate each other (45) . It will be interesting to know whether expression of this antisense RNA has any role on mSlo expression regulation.
Accumulating evidence also suggest that a high number of mammalian genes are regulated by multiple promoters and transcribed from multiple TSSs (33, 46, (46) (47) (48) . In many instances these multiple promoters behave differentially under different cellular conditions. For example, Drosophila Slo gene (dSlo) has multiple promoters whose expression is differentially regulated in muscle or the central nervous system (16, 18) . However, the role of multiple TSSs or exactly how they are regulated in mammals is not clear. Since mSlo transcript expression is high in various tissues (Fig. 2) , mSlo could serve as a prototype gene to study the regulation of mammalian transcription from multiple TSSs.
Our analysis showed that a cluster of muscle specific transcription factor binding sites is present within -2431 and -1269 nt that include: a consensus and three semi-perfect CArG boxes, a consensus MEF2 binding site and four consensus E-boxes ( Fig. 2E and Supplemental Fig. 1 ). These observations correlate with a high expression of Slo in smooth muscle. In line with this view, our basal promoter activity assay showed that the -2924/+7 construct, which include these sites had relatively more activity in a smooth muscle cell line (Fig. 3B) .
Genomic regulation of mSlo by estrogen. We have demonstrated that mSlo promoters embedded into different lengths of 5'-flanking sequence respond differentially upon stimulation with estrogen. This stimulation was dependent both on the availability of ERα and on physiological concentrations of estrogen. Stimulation was observed with as low as 0.1 nM estrogen and may involve several regions of the promoter as depicted by dose-response, activity vs. sequence content curves, and mutagenesis experiments (Figs. 5-6 ). Two almost perfect EREs -ERE1 and ERE2-having a fundamental role were identified along with a partial role of Sp factors mainly Sp1 (Figs. 6-7) . Inhibition of estrogen responsiveness with its antagonist ICI 182,780 proves the involvement of estrogen in mSlo promoter activation; while direct binding of ERα to ERE2 demonstrates a classical genomic mechanism at this site (Figs. 5, 8, 9) .
It is worth mentioning that mSlo has another ERE-like sequence ( -2072 GGTgtGGCTGACC -2060 ), though this element has two mismatches in contrast to quasi-perfect ERE1 and ERE2. The role of this ERE-like sequence if any is minimal as its mutation (not shown) or deletion (inclusive in ∆ERE1-ERE2mut construct) does not lead to significant loss when compared to control (compare ERE1&ERE2mut vs. ∆ERE1-ERE2mut constructs, Fig. 6B ).
Mutational analysis suggested that a classical mechanism of estrogen action might be involved in mSlo gene regulation by estrogen. Final proof for the involvement of this type of mechanism came from our assays with DBDM-ERα and direct DNA binding analysis with EMSA (Figs. 8-9 ). EMSA showed that ERα can directly bind to mSlo ERE2 irrespective of the source of the ERα and competition experiments ruled out the possibility of the interaction in that region of DNA via other transcription factors including Sp1.
The fact that ERE1&ERE2mut construct showed a reduction in estrogen responsiveness in DBDM-ERα compared to WT-ERα expressing cells indicates that, in addition to ERE1 and ERE2, other ERE-like sequences (e.g. ½EREs) or alternative unknown mechanism(s) that require an intact DNA-binding domain of ERα may also participate in estrogen-mediated upregulation of mSlo gene.
The full consensus ER binding motif GGTCANNNTGACC (ERE) is found only in a few genes. Most of the estrogen responsive genes identified so far contain an imperfect repeat (36, 49) or multiple ½ERE sites sometimes in a GC rich region (50) . In vitro studies have shown that the ERα binding to the perfect palindrome is strongest and any deviation from the palindromic sequence causes reduced binding affinity for ERα (51) . Recent studies also demonstrated that ERE sequence, flanking sequence and promoter context determine the binding affinity as well as the rate of transcriptional activation (47, 52, 53) . ERα binding to ½EREs in combination with Sp1 binding to a GC rich site has also been reported (51) . Alternative pathways of ERα interaction with promoters are indirect (non-classical genomic mechanisms), in which ERα influences transcription by interaction with another transcription factor bound to the promoterregulatory sequences. For example, ERα can interact with Sp1/Sp3/Sp4 proteins bound to the GC-rich sequence in the promoter (54) (55) (56) (57) (58) or activation can occur through interaction with transcription factors bound at AP-1 site (49, 59) . ERα can also interact with transcription factors like nuclear factor κβ (NF-κB), STAT5, GATA-1, CCAAT/enhancer binding protein β (CEBPβ) (59) and CEBPα (60) . In this regard, mSlo gene has plenty of Sp factor binding sites (Supplemental Fig. 1 ) that could play a regulatory role in mSlo transcription. Activation of estrogen-mediated transcription via an Sp1 site has been reported for a small conductance Ca-activated K channel (56) . Our results also showed that Sp-factors can contribute to the estrogen-mediated mSlo promoter activation, especially Sp1 (Fig. 7) . Further mutational studies may confirm a specific role of the multiple ½EREs or Sp1 sites in mSlo.
Comparison of mouse 600 nt 5'-flanking sequences with rat and human genes showed a high degree of homology (~90%) among species. This region is also highly GC-rich in rat and human. Between mouse and rat sequences the 90 % homology extended to -1187 nt and there was 80 % homology within -4.5 kb (Supplemental Fig.  2 ). Multiple ½EREs are found in the three species that are not positionally conserved. In addition, ERE1 and ERE2 are not conserved in human; however, rat has a fairly related sequence (GGTCGCGAAGACC) as mSlo ERE2 at a similar position. Based on these observations, we suggest that the proximal promoter is evolutionarily conserved and responsible for most of the basal activity of mSlo promoter. However, estrogenactivated transcription may be controlled by different mechanisms in a tissue and species specific manner. This prediction is supported by the fact that mRNA levels are decreased in rat myometrium instead of increased as in mouse (61). The presence of multiple estrogen responsive sequences could produce additive or synergistic stimulatory effects and safeguard the response of mSlo gene to estrogen.
In summary, mSlo is a TATA-less multipletranscription start type of gene with more than one promoter that is regulated by estrogen. The multiplicity of TSSs and estrogen responsive sequences in the promoter region of mSlo seems designed to assure its expression and its responsiveness to estrogen via classical and nonclassical genomic mechanisms. These findings also provide an underlying mechanism for the estrogen-mediated increase in mSlo transcript levels in vivo. 5 The abbreviations used are: MaxiK, BK Ca , Large conductance, voltage and Ca 2+ -activated K + channel; Slo, KCNMA1, pore forming α-subunit of MaxiK channel; mSlo, mouse Slo; dSlo, Drosophila homolog of mSlo, slowpoke; ERE, estrogen responsive element; AP-1, activator protein 1; Sp1, specificity protein 1; estrogen, 17-β-estradiol; RACE, Rapidly Amplified cDNA Ends; RT, reverse transcriptase; M3, methionine 3 encoded by the third possible translation initiation codon in mSlo; RLuc, Renilla Luciferase; Luc, Firefly Luciferase; ERα, estrogen receptor α; TSSs, transcription start sites; Inr, initiator; BRE, TFIIB recognition element; DPE, downstream promoter element; MTE, motif ten element. Fig. 2 . B, Normalized promoter activity in NIH-3T3, A7r5 and HeLa cell lines (n = 3). Luc/RLuc, Firefly Luciferase/Renilla Luciferase activities were normalized to maximum value in each group. *, significantly different from the -1262/+7 nt construct. Activity value with estrogen alone was taken as maximal activity for fitting purposes. IC 50 mean value is given in the text. D, Detection of minimal estrogen responsive region in mSlo promoter. Constructs used included the -2924/+7 construct ( Fig. 3) and constructs in Fig. 4A with the exception of the internal deletion construct ∆636-84. The -83 nt construct was used to determine background activity. Scheme shows positions of putative EREs (filled ovals) with respect to the constructs used. 
